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Introduction
A remarkable reduction of friction factor is observed in turbulent flow of a dilute solution of linear macromolecular polymer. This phenomenon, called drag reduction or Toms phenomenon, has been studied experimentally5 ' 7' 13' 17) and theoretically1>2 ' 10) . But, because of the lack of appropriate constitutive equations that are valid in turbulent flow fields, and because of the complexity of this phenomenon,its mechanism has not so far been fully understood. It is generally accepted from previous work that there are effects of several sources on drag reduction. These effects are of the following four types, i) concentration effect ii) polymer molecular weight effect iii) pipe diameter effect iv) saturation effect The purpose of this paper is to explain these various effects in drag-reducing systems theoretically and experimental ly.
Analysis
A damping factor model similar to that of van- Driest4\ which is one of the simplest analyses in turbulent flow of Newtonian fluids, will be derived in an analytical procedure. Maxwellmodel will be used as a constitutive equation for viscoelastic liquid ; Equation of motion in this system can be written as du 1l dy (2) From Eqs. (1) and (2) The solution of Eq. (3) with Eqs. (4a-b) is given as u= Ue~Gr cos (a>t-Py) (5) where
According to this solution the damping factor for the amplitude of oscillation is given as exp [-y{(a>/2v) (-wi+ yV^2+ l)}1/2] By an argument similar to van-Driest's the damping factor of turbulent pipe flow in drag-reducing systems becomes
If X is put to zero, the damping factor becomes DFB=l -exp [-y+/A+] (7) where A+=u* <sj2o)\v and coincides with that of van-Driest with A+=26. If the value 26 is assumed to be taken as A+ also for viscoelastic fluids, Eq. (6) becomes
where a= (2Xlv) (u*l26f Then the friction factor of turbulent pipe flow in a drag-reducing system can be derived from this damping factor. Employing Prandtl's mixing length theory, the total shear stress of turbulent flow is expressed as r _du+ l+Jdu+\ tw dy+å +"1 \dy+) (9) The distribution of shear stress is linear over the pipe cross section, that is: r t,,,
As the mixing length of viscoelastic fluids, the following expression, which corresponds to the semiempirical expression of Nikuradse9) in the Newtonian case, is adopted :
From Eqs. (9), (10) and (ll) we obtain the velocity distribution as S y+ .i-2(l -y+/R+)dy+ Vl+4fn(y+, R+yDF\l -y+/R+) (12) The friction factor of a circular pipe flow is given by f= Tw(piP/2) =-lr{R+/\)R\+ (l -y+IR+)dy+y (13) Finally, one can obtain the turbulent eddy diffusivity from Eqs. (9) and (ll). The total turbulent shear stress is given in non-dimensional form as T :dy+^v dy+ (14) From Eqs. (9), (ll) and (14) , the eddy diffusivity is obtained as^=
Experimental Apparatus and Procedure
The flow diagram of experimental apparatus is shown in Fig. 2 . To avoid mechanical degradation of the polymers, the test liquids were forced to flow only by the difference of height between the head tank and the test tube, which was about 190cm. The test sections are circular tubes of 1" dia. and 1/2" dia. with smooth walls. The pressure drop in the test section was measured with a U-tube manometer of CC14, and the velocity distribution over the cross section was measured by a pitot tube of 1 mmdia. In the case of high-concentration polymer solution, the velocity distributions measured by the pitot tube are not correct because of the viscoelasticity of the polymer solutions. This anomalous behavior was checked by comparing the integrated flow rate with the directly measured flow rate by the weight-time method. When the error between these two methods was less than ±1.5%, the VOL. 7 NO. 3 data of the velocity profile were adopted. The polymer species used in this study are PEO (polyethylene oxide) and PAA (polyaerylamide).
The intrinsic viscocity of the polymer solutions was measured by an Ostwald viscometer. The molecular weight of the polymer was calculated for polyethylene oxide by the following equation given by Shin15) :
and for polyacrylamide by the following equation given by Collinson3) :
The relaxation time for a laminar simple shear flow was calculated by the following equation, which was derived from the linear viscoelastic theory by Rouse12> :
None of the dilute polymer solutions used in this study showed a non-Newtonian viscosity, but they showed a weak elasticity.
Results and Discussion (a) Unsaturated region
If the relaxation time I and the friction velocity w* are given, the damping factor is calculated by Eq. (8), but when the value of /tl in Eq. (18) is used as the relaxation time of turbulent pipe flow, the value of a in Eq.(8) becomes so small that no effect of viscoelasticity appears in the damping factor. Thus from the experimental results of pressure drop the relaxation time was calculated by using Eqs. (8), (12) and (13) .
The relaxation time obtained in this way is defined as the turbulent relaxation time lt. The correlation of lt thus obtained was found to be Before investigating each of the effects, the validity of the viscoelastic damping factor model must be shown, so the velocity profiles of dilute polymer solutions in turbulent pipe flow were calculated from Eqs. (8), (12) and (19), and compared with experimental results as shown inFig. 4. It can be concluded from this diagram that the viscoelastic damping factor model can predict the actual velocity distribution fairly well in the low drag reduction region. Next, the effects of various sources on drag reduction in the unsaturated region will be confirmed in
The concentration effect is shown in Fig. 5 . The curves of friction factor calculated from Eqs. (8), (12) , (13) and (19) fit well with experimental results. In the same manner the predicted curves of the molecular weight effect are represented in Fig. 6 . Figure 7 shows that the viscoelastic damping factor model is valid for pipe diameter effect.
From these diagrams it is clear that the present model is valid to predict the dependence of friction factor on concentration, molecular weight and pipe diameter effects in the unsaturated drag reduction region. Moreover the applicability of this model to other polymer species was tested for the case of PAA. The friction factor data of PAA solution showed good agreement with the predicted value. Finally, it must be emphasized that the onset phenomena of drag reduction, which have been studied by some previous authors17), are not observed in the results obtained from the damping factor model. Drag reduction seems to occur as soon as the flow field becomes turbulent, although the amount of drag reduction is very small. The amount of drag reduction depends on a, which depends on lt and w* or on the Weissenberg number and the Reynolds number. Therefore, the position of the point at which the deviation of the friction factor curve from the Newtonian one becomes significant is not at one point, the so-called "onset point of drag reduction".
The position varies with the above-mentioned effects on drag reduction.
(b) Maximumdrag reduction region
It has been indicated previously by many authors and is generally accepted that there exists a maximum drag reduction asymptote in Tomsphenomena. Virk16) recently summarized manydata at the maximumdrag reduction, and pointed out that the friction factor at this asymptote was independent of the polymer concentration, the polymer species, the molecular weight of the polymer and the pipe diameter.
The experimental result of this study coincides with that of Virk at maximumdrag reduction.
The value of a can be calculated from the friction factor data. The values of a calculated at the maximum drag reduction asymptote have nearly the same values, i .e. 40~60, and they are independent of the Reynolds number and the Weissenberg number. The scatter of a is believed to be caused by polymer degradation. Since the error caused by degradation has a tendency t o make the value ofa smaller, the value 60 is adopted for a as a universal value independent of the Weissenberg number and Reynolds number. Employing this value of a, the friction factor and the velocity profiles at the maximumdrag reduction asymptote are calculated, and the results are shown in Fig. 8 . Two other models for maximumdrag red uction, the elastic sublayer model (Virk16)) and the modified thickened sublayer model (Seyer and Metz-ner14)), are shown in the same diagram. In the elastic sublayer model, the turbulent core of the pipe flow disappears at the maximumreduction asymptote, and the whole region except the laminar sublayer becomes the elastic sublayer, which has a mixing length different from that of the Newtonian flow. On the other hand, the thickened laminar sublayer model shows a parallel shift of the velocity distribution of the turbulent core, so the laminar sublayer is thicke ned.
The mixing length has the same value as that for Newtonian flow in the core region. The viscoelastic damping factor model of this work results in a velocity profile similar to that obtained from Seyer-Metzner's model at higher Reynolds numbers, but shows a profile similar to that of Virk at lower Reynolds numbers. In the higher Reynolds number range, the damping factor becomes nearly unity and does not effect the velocity profile in the central part of the pipe. On the other hand, at lower Reynolds numbers, the effect of viscoelastic damp is very significant over the whole cross section of pipe, so the velocity profiles become similar to that of the elastic sublayer model. In Fig. 8 io"3L .
io5 Re Fig. 6 The dependence of friction factor on the averaged molecular weight Fig. 9 Comparison of the present model with previous models in predicting the friction factor at maximum drag reduction imumdrag reduction, are included. These velocity profiles obtained by means of the bubble tracer method agree very well with the present viscoelastic damping factor model. Summarizing the results mentioned above, it is concluded that in the maximumdrag reduction region the elastic sublayer reaches about y+^200. Since the value of R+ is larger than such a value as 200 at higher Reynolds numbers, there exists a turbulent core, and since the value of R+ becomes smaller than 200 at lower Reynolds numbers, the turbulent core disappears and the whole cross section consists of two regions, the laminar sublayer and the elastic sublayer.
It is convenient to adopt the Prandtl coordinates for the comparison of friction factor data with previous results. Figure 9 shows the present data and the curves predicted from the above-mentioned three models for maximumdrag reduction.
In the region of Reynolds numbers smaller than 105, both the present viscoelastic damping factor model and the elastic sublayer model predict nearly equal friction factor values at maximumdrag reduction asymptote, and both are in good agreement with experimental results. The asymptote of Seyer and Metzner is only valid at higher Reynolds numbers because of the assumptions made for the derivation of this model. Thus the difference of these three models must be discussed at very high Reynolds numbers, which correspond to the region ofRef1/2>2x 103. But to date no friction factor data are available because experiments at higher Reynolds numbers are very difficult. The question of which model gives the more correct prediction for maximumdrag reduction will be answered when friction factor data at higher Reynolds numbers or more precise measurements of turbulent characteristics for drag-reducing systems become available.
The eddy diffusivity for dilute polymer solutions can be calculated from Eq. (15) .
Both the predicted curves and the experimental results are shown in Fig. 10 . The eddy diffusivity in the turbulent core region at unsaturated drag reduction is calculated from -^=0.07 i?+ v which is part of the eddy diffusivity model of Mizushina and Ogino8) for Newtonian fluids, and which is acertained by the experimental results of Laufer6) and Reichardtn).
The predicted curves for the unsaturated region show good agreement with experimental results.
It is shown from this diagram that, in the unsaturated drag reduction region, the eddy diffusivity of dilute polymer solutions decreases strongly near the wall." Since the effect of elasticity does not reach the center part of pipe flow in the lower drag reduction region, the eddy diffusivity of polymer solutions is equal to that of a Newtonian fluid in the turbulent core region.
Conclusions
1. The viscoelastic damping factor model was derived. 2. The correlation of turbulent relaxation time to be used in this model for the unsaturated region was given by Eq. (19) .
It was shown that this viscoelastic damping factor model gave a good prediction of the effects of various sources on drag reduction. 3. At maximum drag reduction, the universal value of a in Eq. (8) was obtained experimentally as 60, and using this value the friction factor and velocity profiles were calculared.
These results were found to agree fairly well with experimental results. Literature Cited
